A Double Multiple Streamtube model, a free-wake vortex model (both widely used for ver-6 tical axis wind turbine design) and RANS CFD simulations are used in this work to predict the 7 performance of the 17m Vertical Axis Wind Turbine, field tested by Sandia National Laborato-8 ries. The three-dimensional, full scale calculations are compared with the experiments in terms 9 of power coefficient, power and instantaneous turbine torque to assess the validity of each model. 10 Additionally, the two aerodynamic models and RANS CFD are compared to each other in terms of 11 thrust and lateral force. The two models and CFD agree well with the experiments at the turbine 12 optimal tip speed ratio. However, away from the optimal tip speed ratio, the streamtube model 13 significantly deviates from the experimental data and from the other numerical models. RANS 14 CFD gives a good agreement with the experiments, slightly underestimating the power coefficient 15 at every tip speed ratio tested. The vortex model proves to be a useful tool with a better accuracy 16 than the streamtube model and a much lower computational cost compared to RANS CFD. 17 Please refer to any applicable publisher terms of use. slightly less efficient than the conventional HAWT's, VAWT's have several notable advantages [3], 23 for example: (1) they are insensitive to the wind direction; (2) it is possible to install the drive train 24 close to the ground; and (3) they have a lower center of gravity compared to HAWT's. Addition-25 ally, the size of large scale offshore HAWT's is limited by the fatigue cycles experienced by the 26 blades during each revolution due to the gravitational loads. VAWT's overcome this problem since 27 the gravitational loads always apply a constant stress on the blades. The scalability of VAWT's is 28 therefore superior to HAWT's. For these reasons, there has recently been a resurgent interest in 29 VAWT's, especially for urban [4] and offshore [5, 6, 7] applications.
Introduction 20
There was a large interest in Vertical Axis Wind Turbines (VAWT's) in the 1970's [1, 2] Extensive measurements have been reported on this turbine which makes it a good reference 80 for comparison with numerical models. Averaged power, power coefficient and especially the The inlet velocity is defined at the inlet boundary using a power law to take into account the 133 effect of wind shear in the calculations. It was verified in the results that the inlet velocity profile 134 is maintained in the computational domain, especially in front of the turbine. The inlet turbulence 135 intensity is set to 10% with a viscosity ratio µ t /µ = 100. This leads, after decaying between the Advection terms are discretized using a hybrid first/second order scheme ("High Resolution" 174 scheme in CFX) and the temporal discretization is achieved by using the implicit second order 175 backward Euler scheme. Calculations are run in double precision and are parallelized on 32 CPUs.
176
The computational time required to simulate one turbine revolution is about one day. oscillation frequency f 0 , is defined via the reduced frequency κ (Eq. 4). We choose κ = 0.1 since it 189 corresponds to a high pitching rate that covers most of the operating points of the studied VAWT.
The computational domain is two-dimensional and circular with a radius of 50 chords ( Fig. 6 , 2). TM4E gives good agreement with the experiments from TSR = 2 to 4.6 but does not predict 263 a decrease after TSR = 4.6. The CP predicted by TM4E is therefore significantly over-estimated 264 above TSR = 4.6 and the maximum CP is not predicted at the right TSR. 265 These comparisons show that the three numerical models used give a fairly good prediction 266 of the power (and CP) obtained at the turbine's optimal tip speed ratio. However, predictions Using a finer mesh would therefore increase the output power predicted at low TSR and improve the agreement between CFD and experiments, but at a significantly higher computational cost. 276 At high tip speed ratio, the turbine performance is influenced more by viscous effects (friction 277 on blades) and the turbine wake also plays a key role in the power prediction. DMST methods 278 (TM4E) have a poor description of the wake, which can explain its poor prediction at TSR = 7.98.
279
Vortex models (CACTUS) have an inviscid description of the wake through the shedding of vortex 280 elements every time step, which leads to a better accuracy than DMST at high TSR (Fig. 8 (right) ).
281
CFD (CFX) accounts for the viscous/turbulence effects by solving the RANS equations, leading 282 to a much better accuracy compared to TM4E and CACTUS at high TSR. Figure 9 shows the flow field around the turbine, resulting from CFD simulations, at TSR = 285 2.02 ( Fig. 9(a) ), TSR = 4.6 ( Fig. 9(b) ) and TSR = 7.98 ( Fig. 9(c) ). Blades are at the azimuthal The wake of the tower can also be observed. As shown in both pictures, the wake of the turbine is whereas it is only 20% to 30% at TSR = 7.98. Additionally, the wake observed 1.5 D downstream 304 the turbine has a different shape. Fig. 10 (right) ) for the three numerical models. Measurements have been given with 'an estimate 316 of accuracy of 10% of the reading or 5% of peak torque' [27] . Thus, the maximum of those two 317 values (at a given TSR) is used to plot uncertainty bars in Fig. 10 . 318 Figure 10 (a) (left) shows the turbine torque evolution at TSR = 2.02. The calculations show the 319 same trend as the experiments with the first peak of torque at θ ∼ 60 • and the second lower peak 320 at θ ∼ 120 • . However, the torque amplitude and the exact locations of the peaks vary significantly 321 for the three numerical models. TM4E predicts well the amplitude of the first peak but the torque 322 decreases sharply right after the peak and falls to near zero values, which is not in agreement with 323 the experiments. CACTUS significantly over-predicts the amplitude of the first peak (+48.7%) 324 but then the torque becomes close to the experiments. CFX gives similar results to CACTUS for 325 the first peak. The overestimation of the amplitude is lower (+35.6%) but the peak is delayed by However, it should be noted that the standard deviation of the measurements, although not given 
405
The maximum thrust predicted by TM4E is 30% lower than the one predicted by CACTUS and 406 CFX. Figure 11 Figure 11 (b) (left) shows that all models predict a very similar thrust at the optimal TSR. Figure   413 11(b) (right) shows that the agreement between the three models is not as good for the lateral force 414 as for the thrust force. The amplitude of the force is very similar for the three models but TM4E 415 results are slightly shifted toward the lower azimuthal angles compared to CACTUS and CFX. Figure 11 (c) (left) indicates that both CACTUS and CFX give a very similar thrust evolution 417 even at the highest TSR (TSR = 7.98). However, TM4E predicts a peak thrust 16% higher than 
